Background: The burden of cardiovascular disease (CVD) morbidity and mortality is higher among Indigenous persons, who also experience greater health disparities when compared to non-Indigenous Canadians, particularly in remote regions of Canada. Assessment of carotid intima-media thickness (cIMT), a noninvasive screening tool and can be used as biomarker to assess increased CVD risk. Few studies have examined environmental contaminant body burden and its association with cIMT.
Background
Cardiovascular disease (CVD) mortality has decreased globally in many regions [1] . However, the burden of CVD morbidity and mortality is higher among Indigenous persons, who also experience greater health disparities when compared to non-Indigenous Canadians [2] [3] [4] . While a variety of social, economic, and cultural factors may help explain why a decrease in CVD has not been observed among Indigenous communities [5] [6] [7] , very little research has explored environmental contaminant exposures and the contribution to cardiovascular outcomes.
Indigenous community residents from coastal and inland Cree communities from the eastern James Bay region of subarctic Quebec, Canada, experience higher body burdens of environmental contaminants than non-Indigenous Canadians [8, 9] . In remote Indigenous communities, residents experience difficulties surrounding medical access, which may further compound health inequities [6] leading to increased risk of CVD morbidity and mortality. The use of carotid intima-media thickness (cIMT) measurements in remote locations can aid in earlier identification of individuals with emerging cardiovascular diseases without the need to travel out of the community to access a medical facility.
Carotid IMT is shown to be significantly correlated with a variety of cardiovascular measures and risk factors [10] [11] [12] [13] . Therefore, assessing cIMT and its application in remote regions may particularly be useful as a noninvasive screening tool. In addition to the associations between cIMT and cardiovascular risk, various studies have examined the role of xenobiotics (e.g., air pollutant components) and CVD (e.g., [14] [15] [16] [17] [18] ). Additionally, some studies have examined environmental contaminant body burden and its association with cIMT. Carotid IMT has been shown to be positively associated with various individual contaminants, including metals [19] [20] [21] [22] , persistent organic pollutants (POPs) [23] , perfluorinated compounds (PFCs) [24] [25] [26] , and bisphenol-A and phthalates [28] . However, no studies have assessed the effects of complex xenobiotic mixtures such as persistent organic pollutants (POPs), metals, and metalloids [28] . Therefore, the aim of this study was to assess the association between cIMT and complex body burden mixtures of persistent organic pollutants, metals, and metalloids using data from the Environment-and-Health Study in the Eeyou Istchee territory of Quebec, Canada.
Methods

Data sources
The Eeyou Istchee traditional territory consists of First Nations communities from the Eastern James Bay region, Quebec, Canada who are represented by the Grand Council of The Crees. These community members live in varying degrees of isolation, with the furthermost only being accessible by airplane or boat ( Fig. 1 ). As part of the Nituuchischaayihtitaau Aschii -Multi-Community Environment-and-Health Study in Eeyou Istchee, participants answered personal and clinical questionnaires related to lifestyle, occupation, socio-demographic status, as well as dietary habits. The questionnaire was developed for this study and details were previously published by Nieboer et al. [32] . In total, there were 1730 participants representing all 9 communities who completed all, or portions of, the questionnaires and provided blood samples. Written informed consent was obtained from all participants or their guardians in Cree, English, or French. All work was approved by the research ethics boards of McGill University and Laval University, in partnership with the Cree Board of Health and Social Services of James Bay and McMaster University.
Study population
Using the initial 1730 recruited participants from all 9 Indigenous communities, we excluded persons younger than 14 years of age and those with any CVD diagnoses from the analysis. Adolescents were included in the analysis because cIMT has been validated at younger ages [33] . Participants with a complete set of observations were retained and the final analytical sample included 535 participants (299 females and 236 males). As this study took place in remote locations, we collected data from each community beginning in 2002 and ended in 2009. Of the nine communities, two were sampled between 2002 to 2005, one in 2005, two in 2007, two in Fig. 1 Location of the Eeyou Istchee Territory in Quebec, Canada. (Image generated using R [41] with GADM and mapdata packages [9, 16] [34] .
Exposure variables Organics analysis
The analytical method for the organic pollutant analysis has been fully reported by Liberda et al. [8] . were determined. All samples were assessed on a gas chromatography-mass spectrometer (GC-MS) at the Institut National de Santé Publique du Québec (INSPQ), the reference laboratory for the Arctic Monitoring and Assessment Program (Agilent 6890 gas chromatograph equipped with an Agilent G2397A ECD and an Agilent 5973 network mass detector). Three PFCs, perfluorooctanoic acid (PFOA), perfluorooctane sulfonic acid (PFOS), and perfluorohexane sulfonic acid (PFHxS) were also measured at the INSPQ by using an alkaline extraction method with methyl-tert butyl ether and tetrabutylammonium hydrogen-sulfate before being assessed using Ultra Performance Liquid Chromatography (UPLC Waters Acquity) with a tandem mass spectrometer (MS/MS Waters Xevo TQ-S) (Waters; Milford, MA, USA) in the Multiple Reaction Monitoring mode with an electrospray ion source in the negative mode. The detection limits for the PFCs were 0.1 μg/L.
Metals and metalloid analysis
As with the organic contaminants, we have previously reported the methods, limits of detections, and other QA/QC data related to metals and metalloids [9, 35] . Briefly, whole blood samples were thawed and assessed for lead, cadmium, mercury, selenium, cobalt, copper, molybdenum, nickel, and zinc. Inorganic arsenic was assessed in urine and all contaminants were measured using a Perkin Elmer Sciex Elan 6000 inductively coupled plasma mass spectrometer (ICP-MS).
Risk factor assessment
Demographic information (i.e., age, sex), and behavioral risk factors such as smoking habits were obtained via self-report through interviewer administered health questionnaires. Fasting blood samples were drawn to measure cardiometabolic variables during a physical examination by trained registered nurses. Anthropometric measures, included standing height and weight for body mass index (BMI) values. Blood pressure measurements (measured in millimeters of mercury, mm Hg) were examined according to a standardized protocol, where three separate measures were taken and the mean blood pressure value was calculated using the two last measurements. All participants rested for 5 min prior to measurements and had not smoked for at least 30 min.
Inflammatory and blood lipid marker measurements
Whole blood was collected for laboratory analysis of inflammatory and lipid markers. Tumor necrosis factor (TNF-α), high sensitivity c-reactive protein (hs-CRP), oxidized low-density lipoprotein (ox-LDL), Low-density lipoproteins (LDL), apolipoprotein-B (apo-B), and triglycerides were selected based on their biological roles in CVD.
TNF-α (R&D Systems, Minneapolis, MN), hs-CRP (BN-100 nephelmometer, Dade Behring, Deerfield, IN), and ox-LDL (Mercodia AB, Uppsala, Sweden) were assessed in blood plasma by ELISA following their respective manufacturers' directions. Triglycerides, total cholesterol, and high-density lipoproteins (HDL) were measured on the Vitro 950 Chemistry Station (Ortho-Clinical Diagnostics, Raritan, NJ) as per the manufacturer's directions. LDL was calculated based on the subtraction of HDL from the total cholesterol measurements. Apo-B was assessed on a protein analyzer as per the manufacturer (BN ProSpec System, Dade Behring).
Statistical methods Principal component analysis
Due to the high number of contaminants under assessment (43 in total), we performed a scaled and centered principal component analysis (PCA) to reduce the variables into a smaller number of uncorrelated predictor variables. Individual participant PC scores were generated from their contaminant loadings and used to create a PCA of the 43 contaminants which was then centered and scaled. Prior to principal component generation, the contaminant concentrations were transformed as log10 (1 + [μg/kg]) to improve the normality of the data distribution and remove negative values [36, 37] . PCs were selected based on eigenvalues greater than one. Nondetections in the contaminant data were input as half of the detection limit. A description on the use and merits of PCAs in environment and health projects can be found in Liberda et al. [8] and Wainman et al. [38] .
Statistical analysis
Descriptive statistics of variables are reported, and where appropriate, means ± standard deviations (SD) are presented, otherwise frequencies and percentages are shown for categorical variables. Geometric means are also presented for skewed distributions.
Multivariable linear regression modeled the outcome, carotid IMT, on PCA environmental contaminants, adjusting for the a priori covariates. Three models are presented that explain the observed variation in cIMT by PCA contaminants. Model 1 represents a minimally adjusted linear regression of 5 PC axes on cIMT with age and sex as covariates. Model 2 represents the moderately adjusted regression with the same covariates as Model 1, but also including smoking status, BMI, and systolic blood pressure. Model 3 represents the fully adjusted model, which includes the following covariates: age, sex, smoking status, BMI, systolic blood pressure, LDL, Apo-B, triglycerides, TNF-α, hs-CRP, and ox-LDL. All covariates were assessed for multicollinearity, and residual plots were used to validate assumptions of linearity, normality and homoscedasticity.
Based on the multivariable linear regression findings between PCA contaminants and cIMT, we further performed analysis on nickel and the sum (∑) of the following compounds: organochlorines (∑10 OCs), polychlorinated biphenyls (∑13 PCBs), and perfluorinated compounds (∑3PFCs). These contaminants were selected based on significant associations between PC axes loadings and cIMT.
The significant associations between PC axes loadings and cIMT were observed and we performed further analysis on the sum (∑) of following organic compound concentrations (∑10 OCs), polychlorinated biphenyl compounds (∑13 PCBs), perfluorinated compounds (∑3PFCs) and nickel. Lastly, as additional sensitivity analysis, we restricted to adults > 30 years of age to examine the contribution of complex body burden mixtures on cIMT and found no differences between the group (data not shown).
All significance values were adjusted for multiple comparisons using the Holm method [39] . Associations were considered significant when the adjusted p < 0.05. All statistical analyses were conducted using R (version 3.5.0; Vienna, Austria).
Results
Descriptive results
Summary statistics of all risk factors and contaminants are presented in Table 1 .
The mean age of participants was 38.5 (± 15.7 years), and just over half (55%) were female. The average cIMT measurement was 0.673 mm (± 0.193 mm). As is common with environmental contaminants, the range of concentrations varied greatly.
Contaminant PCA loadings
The contaminant PC (principal component) loadings scores, which were generated from the individual PC scores are presented in Fig. 2 . PC-1 (52.93% of the original variation explained) resulted in relatively high loadings for most organochlorines and PCBs. PC-2 (7.10% of the variation explained) was highly (negatively) loaded for the PBDEs. PC-3 (5.07% of the variation explained) was loaded for the PFCs (negatively), and PC-4 (3.71% of the variation explained) and PC-5 (3.10% of the variation explained) were loaded for various metals including nickel, selenium, and cadmium.
cIMT and PCA
Results from the multivariable linear regression are shown in Table 2 . Carotid IMT was significantly associated with PC-1 and PC-5 in all three models. PC-1, which represents mostly organochlorine contaminants increased cIMT by β = 0.004 (95 % CI 0.001, 0.007). However, the association appears to be greater for PC-5 β = 0.013 (95 % CI 0.002, 0.023), which accounts for 3% of the variation, and is mostly represented by nickel.
Carotid IMT was significantly and negatively associated with PC-3 (i.e., represented primarily by the PFCs) in the model 1 and model 2, β = − 0.010 (95 % CI − 0.019, −0.001), but after fully adjusting for confounders the association was no longer significant. Important for interpretation, PFCs are negatively loaded within PC-3 and negatively associated with cIMT and therefore, should be interpreted positively. No models were significant for PC-2 or PC-4 with cIMT. PFCs are also moderately represented in PC-1. Table 3 . Both nickel, and ∑3 PFCs were significantly and consistently associated with cIMT, (β = 0.001) across all three linear regression models. The sum of ∑10 OCs was significantly associated with a slightly greater β = 0.004 (95 % CI 0.001, 0.007) change in cIMT, though with less precision. Lastly, ∑13 PCBs also increased β = 0.002 (95 % CI 0.0004, 0.003) cIMT after fully adjusted for covariates.
Discussion
Using the Nituuchischaayihtitaau Aschii -Multi-Community Environment-and-Health Study dataset, our findings show that nickel, organochlorines and PFCs are correlated with carotid IMT. Carotid IMT was regressed on PCA, which illustrated that organochlorines and nickel contaminants may be important risk contributors to CVD. Organochlorine containments found mainly on PC-1 increased cIMT by 0.02 mm per 5-unit PC score change. While this increase may not appear to be clinically relevant, it is important to remember two factors. First, the observed increase in cIMT is solely due to the contaminant loadings on PC-1 after adjustment for multiple covariates. Second, flow rate varies to the 4th power of the lumen diameter, and therefore a reduction in lumen diameter from 4 mm to 3.98 mm represents a flow rate change of 256 mL/min to 250.9 mL/min [40] ; hence, slight increases in cIMT have large decreases on blood flow.
Principal component 5, represented mostly by nickel, was shown to have more influence on cIMT than PC-1. Since PC-5 represents 3.1% of the variation within the PCA, other contaminants other than nickel were not assessed in isolation. Nickel was significantly associated with cIMT in all three models. In both human and murine exposures, nickel in air has been shown to be associated with adverse cardiovascular events [41] . Similarly, nickel nanoparticles have been shown to progress atherosclerosis [42] . Though, a cross-sectional analysis of the Prospective Investigation of the Vasculature in Uppsala Seniors (PIVUS) study in Sweden by Lind et al. [21] reported that quintile nickel levels were not associated with cIMT.
Exposure to metals such as cadmium, arsenic, and lead have been shown to increase cardiovascular disease relative risk [43] , and in some cases cIMT [44] [45] [46] . However, these metals were not highly loaded on our PCA and thus their contribution to the observed variation was low. Similarly, others have investigated the association of cIMT with mercury body burden [20, 22, 47] , however, our analysis did not implicate this metal as an important contributor to cIMT. This may be due to the relative importance of the contributions from the other contaminants in the PCA or because other studies assessed contaminants in isolation.
Previous research has found that POPs and PFCs to be positively associated with cIMT [23] [24] [25] . Over a 10-year longitudinal study of older adults (70-years and older), the Prospective Investigation of the Vasculature in Uppsala Seniors (PIVUS-study) found that multiple-adjusted PFOS and PFOA corresponded to a 0.011 mm and 0.021 mm change in cIMT, respectively [25] . However, using the same data, a separate cross-sectional analysis by the same group, found no significant association between PFCs and cIMT [26] . Among young adults (12-30 years of age), cIMT significantly increased across PFOS quartiles (0.434 mm, 0.446 mm, 0.458 mm, 0.451 mm) [24] . Several circulating POPs have been shown to be associated with cIMT among seniors, but Lind et al. [23] report that the sum of PCBs concentrations was not associated with cIMT β = 0.001, (95% -0.00004, 0.0033). Though, sum of PCBs concentrations were shown to be significantly inversely associated with grey scale median of the carotid artery intima-media complex (a measure of echogenicity). Our study showed significant and positive associations with nickel, ∑10 OCs, and ∑3 PFCs in all three models, and significant positive associations with the ∑13 PCBs after adjusting for covariates beyond age and sex. These associations were stronger for ∑10 OCs, followed by ∑13 PCBs, ∑3 PFCs, and nickel.
This study has several strengths. Most important, this is the first study to assess the association of a complex mixture of organic, metal, and metalloids on cIMT. The use of PCA allowed us to simultaneously assess all contaminants while narrowing our final examination to the individual contribution of each contaminant of interest to the cIMT. Additionally, the Nituuchischaayihtitaau Aschii -Multi-Community Environment-and-Health Study is a comprehensive health survey with a diverse set of quantitative measurements, which aided to reduce the possibility of measurement error. However, several key limitations are also acknowledged. First, this is a cross-sectional analysis with a single assessment of the exposures and outcome, and therefore, temporality and causal relationships cannot be confirmed. Second, smoking has been shown to be associated with persistent organic pollutants such as PCBs and OCPs [48] . Though we adjusted for smoking status, there is still the possibility of residual confounding, as pack-years of cigarettes was not available; and lastly, cIMT increases with age, though we found no appreciable difference in the results when we restricted our sample to include only participates 30 years of age or older. However, stronger associations may be present in aging adults who have longer exposure to body burdens of contaminants.
The role organic and metal contaminants play in CVD has been an area of growing research. Carotid IMT has been shown to be associated with CVD [10] , however, the mechanisms by which environmental contaminants exacerbate CVD, and the extent of their contribution, has yet to be fully elucidated. It has been suggested that contaminants such as POPs could influence the pathogenesis of CVDs such as atherosclerosis [23] . With respect to metals, it is possible that the generation of free radicals and subsequent inflammation could also exacerbate CVD, as shown in a murine model of nickel nanoparticle exposure [42] . In the case of metals that do not generate free radicals, such as cadmium, it is possible these metals play an indirect role in reactive oxygen and nitrogen species generation [49] , although the underlying mechanism remains unclear [45] .
Associations of human body burdens of contaminants with cIMT has been performed on individual contaminants or groups of similar contaminants (e.g., ∑PFCs and ∑PCBs), but this examination has not been performed on complex mixtures of organic and metal/metalloids simultaneously. We used PCA to first determine which components are highly correlated with cIMT, followed by a secondary analysis assessing the individual or groups of components on those identified PCA axes. The work herein is especially important for the Cree from the Eeyou Istchee territory, who may have higher body burdens of contaminants than non-Indigenous Canadians. Furthermore, as cIMT was found to be the highest in remote Indigenous Australians when compared to urban Indigenous and non-Indigenous Australians [50] , and since Indigenous Canadians have greater health disparities that non-Indigenous Canadians [1, 4] , assessing this marker of CVD risk combined with potential environmental contributions is especially important for this region.
Conclusion
The assessment of complex environmental mixtures and their association to biological outcomes is complicated given the varying possible interactions between the many contaminants that may be present. We have shown that a variety of environmental contaminants are associated with a sub-clinical cardiovascular disease marker carotid IMT, which could possibly contribute to the observed health disparity that exists in Indigenous Canadians. This article also presents a significant step towards assessing complex mixtures and sub-clinical biomarkers, as well as identifying specific contaminants that may ultimately play a role in CVD. 
